Nitrogen (N) pollution induced by irrigated agriculture is a significant environmental problem.
Introduction
Nitrogen contamination induced by irrigated agriculture has been recognized as an important environmental problem that affects the aquatic and terrestrial ecosystems. High nitrate concentrations may cause eutrophication, hypoxia, methemoglobinemia and certain cancers (Ongley, 1996; Tanji and Kielen, 2002; Addiscott and Benjamin, 2004) . Thus, the European Nitrate Directive (EU, 1991) has set at 50 mg/L the maximum allowable nitrate concentrations in public water supplies. However, the off-site effect of irrigated agriculture on the resulting nitrate concentrations in the receiving water bodies should be evaluated in terms of loads rather than concentrations in its irrigation return flows (IRF), as it is the mass of pollutant in the IRF that increases the pollutant concentration in the receiving water bodies, rather than its concentration (EPA 1991; Goswami et al, 2009; Lecina et al., 2010; Peña-Haro et al., 2010) .
Nitrate leaching from irrigated land has been widely studied from the agronomic (Lowrance 1992; Ramos et al., 2002; Salmerón et al., 2010) and modelling (Chowdary et al, 2005; Gowda et al., 2008; Nangia et al, 2008 ) points of view. The achievement of N balances in irrigation districts is a sensible approach to identify their main N sources and sinks, quantify N loads in IRF (Baron and Campbell, 1997; David et al., 1997; Jha et al., 2005; McMahon and Woodside, 1997; Meisinger and Delgado, 2002) and assess the influence of agricultural practices on N loads in the receiving water bodies (Donner et al., 2004; Snook and Whithead, 2004) . Nitrate leaching from irrigated land depends on soil and climate characteristics, crop patterns, and irrigation and N fertilization management. Several studies have related these variables with nitrate leaching losses in IRF (Casalí et al., 2008; Randall and Mulla 2001; Silva et al., 2005) that may vary by one order of magnitude, from below 20 kg NO 3 -N/ha·year to above 200 kg NO 3 -N/ha·year (Aragüés and Tanji, 2003) .
According to the European Environmental Agency (EEA, 1999) , agricultural activities contribute 50% of total nitrate loads in waters. Hence, in compliance with the objectives set by the European Water Framework Directive for the attainment of a good ecological status of water bodies in Europe in year 2015, a reduction of N loads in IRF is needed (EU, 2000; EU, 2002) .
To reach this aim, a detailed knowledge of the contribution of agricultural practices (especially irrigation and N fertilization) to the N pollution loads in water courses is needed to establish effective control policies. N pollution has been found to be of concern in the Ebro River Basin, especially in the IRF of poorly-managed irrigated areas, particularly with traditional surface irrigation systems (Causapé et al., 2006) . Cavero et al. (2003) found that the nitrate loads exported per unit area in the IRF of two sprinkler irrigation districts predominantly grown to corn (Zea Mays, L.), a crop with high N requirements, vary, depending on irrigation and N fertilization management, between 18 and 49 kg NO 3 -N ha -1 year -1 , whereas García-Garizábal et al. (2009) ) were found in a non-irrigated agricultural watershed high in precipitation (691 mm average) grown with winter cereals (Casalí et al., 2008) , analogous to those found in other non-irrigated, high rainfall environments by Goswami et al. (2009) (7 to 43 kg NO 3 -N ha -1 year -1 ).
However, the results obtained in the different areas depend both on their different physical and hydrological properties and their irrigation and management practices. The study of long data series in a given location (irrigation district or basin) allows assessing the evolution of IRF (volumes, concentrations and loads) and its relationships with changes in irrigation and management practices, eliminating the effect of the differences between areas. The IRF of La Violada irrigation district (VID, located in the Ebro River basin, NE Spain) have been monitored for several periods since 1982 (in the 80s: 1982-84 and the 90s: 1995-98) with studies focusing on irrigation hydrology (Isidoro et al., 2004; Barros et al., 2011a Barros et al., , 2011b and management Playán et al, 2000) , salinity and salt mass balances (Faci et al., 1985; Isidoro et al., 2006a; Barros et al. 2012) , and nitrogen exports and imports Isidoro et al., 2006b) . Surface irrigation was dominant in VID along these decades, and these studies provided relevant information about irrigation and its environmental off-site impact under traditional irrigation practices.
In 2006, the monitoring of the IRF from VID was resumed providing additional data for comparing the salt and N exports under the hydrological and irrigation conditions in the 00s
(2006-08) that were rather different from those in the 80s and 90s, and just prior to the transformation of irrigation from surface to sprinkler systems during 2008-09. The main changes in VID between the 90s and 00s were (i) the construction of the elevated La Violada Canal (that substituted the old and deteriorated La Violada Canal with significant seepage losses) right before the 2003 irrigation season, (ii) the construction of six internal reservoirs (allowing for more timely irrigation), (iii) the strengthened control of tail-waters from irrigation ditches (reducing direct irrigation water losses to La Violada gully) enforced by the Ebro River Basin Authority (Confederación Hidrográfica del Ebro, CHE); and (iv) the severe drought forcing the reuse of drainage waters for irrigation in 2005 (especially) and 2006 (Barros et al., 2011a; Barros et al., 2012) .
Cropping patterns also changed from the 90s to the 00s (Tables 1 to 3), significantly affecting some of the main N inputs and outputs in VID. In the 90s the main crops were corn (51% of the total irrigated area), alfalfa (23%) and winter grains (15%). In the 00s, winter grains (41%) and alfalfa (44%) replaced corn (7%), due to the water-scarce 2005 and 2006 years and to the beginning of the irrigation transformation works in 2008, when farmers sowed winter grains and maintained alfalfa in the fields instead of sowing the more resource-intensive corn as they expected that the growing season would be interrupted by these works. Also, the irrigated area was 12% lower in the 90s than in the 00s due to these reasons.
The data gathered in VID along the 80s, 90s and 00s were used to establish the longterm water balances (Barros et al., 2011a) , the evolution of the performance indicators of the irrigation system (Barros et al., 2011b) , and the effects of these changes on the salt loads and concentrations in the IRF . Also, based on the N fluxes in La Violada gully, Cavero et al. (2011) applied APEX and identified that the improvement in irrigation was the most effective strategy to reduce N loads in the IRF.
Similarly, the differences in cropping patterns, irrigation management and N fertilization in VID along the 90s and 00s provided an opportunity to address their effects on the N exports (concentrations and loads) in the IRF. The aim of this work was to relate these N exports with the indicated changes and to identify best management practices for off-site N pollution control.
Materials and Methods

Summary description of la Violada Irrigation District (VID)
The 4000 ha VID is located in the upper reaches of La Violada gully watershed (north-east Spain; latitude: 41°02' N; longitude: 0°36' W; Fig. 1 ) and is underlain by a Tertiary impervious clay layer that prevents deep percolation, so that all or most of the return flows are intercepted by the gully which is the single drainage outlet for the district. VID is mostly surrounded by dry land and is delimited by three lined irrigation canals forming a closed hydrological system well suited to perform mass balances (Faci et al., 1985; Aragüés et al., 1990; Isidoro et al., 2006; Barros et al., 2011a) . La Violada gully collects the IRF from VID and its flow is measured at the gauging station nº 230 of CHE (D-14 in Fig. 1) . A detailed description of VID, its Mediterranean climate, its surface irrigation system (prior to 2009), the main soil hydraulic properties, and the changes in the irrigation system from the 90s to the 00s is given in Barros et al. (2011a; 2011b; .
Nitrogen mass balances
The 1995 were actually determined from measured data (the former through sampling and analysis of the different water flows and the latter through field surveys). The components N SF , N V and N DN were estimated from literature sources and are presented mainly to show their magnitude relative to the measured components. As some of the estimated terms (particularly N SF ) were so high, the ΔN calculated through eq. 1 cannot be regarded as a true estimate of N accumulation or removal.
N inputs
N fertilization practices
The N fertilization practices (manure and mineral fertilizers) for the main irrigated crops grown in types of fertilizers applied, doses per unit area, dates of application, crop yields and management of crop residues. Only the irrigated crops were included in the surveys because 91% of the total fertilization was applied to them (Isidoro et al. 2006b ). The main crops surveyed were corn, alfalfa, barley and ryegrass. Since the number of answers for rice, wheat, and sunflower were low in each year, only the 2006-2008 average was calculated for those crops.
Due to the lack of answers for fruit trees and orchards during 2006-2008, the information for these crops was taken from Isidoro et al. (2006b) . In the 90s, N fertilization was only established in years 1995 and 1996 through a similar interviewing process (Isidoro et al., 2006b ).
The amount of N (kg/irrigated ha) and the different forms of N (nitrate, ammonia, urea) present in each fertilizer were obtained from its composition and application doses. The organic and ammonia N contents in manure and pig slurry were taken from Andreu et al. (2007) .
The mean mass of N ( N ) applied in each fertilizer or manure application to each crop and its standard deviation [S(N)] were calculated by means of the equation for the propagation of the error (Deming, 1966) : ).
Other N inputs
Nitrogen symbiotic fixation is an important N input especially in agricultural areas devoted to leguminous crops. The alfalfa N symbiotic fixation (N SF ) was estimated using the equation (Isidoro et al. 2006) assuming that up to 66% of the N in alfalfa can be present in its aerial biomass (Rauschkolb and Hornsby, 1994) .
The frequency of sampling and analysis to determine the mass of nitrogen in irrigation (I), precipitation (P), other inflows (OI) and canal seepages (CS) was low due to the small variability of NO 3 -in these flows. Thus, the N loads in I, P, OI and CS were calculated as the product of their average NO 3 -and their volume for the study period. The estimations of the volumes of OI and CS were given in Barros et al. (2011a) . 
N outputs
Nitrogen exported in La Violada gully and in the VID irrigation return flows
Outflows in La Violada gully arise from several sources such as drainage waters originated in the irrigated land of VID, CS, and OI (Barros et al, 2011a) . In order to determine the N loads solely arising from the VID irrigation return flows (N Q* ) (i.e., N loads in outflows minus N loads in OI), the N loads in OI (N OI ) were discounted from the total N loads exported through La Violada gully at D-14 (N Q ):
The nitrate concentrations in the IRF (NO 3 -Q* ) were then obtained from:
The yearly N loads per irrigated hectare (kg N ha -1 year -1 ) in La Violada gully total outflows and in the IRF were calculated for comparison purposes between years and with other irrigation districts. This approach assumes that the non irrigated area within VID has a negligible contribution to the N loads in the IRF.
Other N outputs
The total annual N uptake (N U ) by crops was calculated as the sum of N U for each crop in each hydrological year. For a given crop, N U was calculated as the N content in the harvested product (taken from literature sources) times crop's yield. The total N U was divided by the annual irrigated area to obtain the unitary N U (kg N ha -1 year -1 ). The N content in the crop residues was not considered as an output because according to the surveys performed, crop residues were generally incorporated into the soil. Volatilization losses from applied urea and ammonia fertilizers (N V ) were taken as 10% of the N applied in urea and ammonia fertilizers and 35% of the N applied as manure (Puckett et al. 1999) . A value of 15 kg N/ha was chosen from several bibliographic sources as the mean denitrification losses (N DN ) (Isidoro et al. 2006) . These N V and N DN estimates are rough approximations, and they were included only to compare their magnitudes relative to other N inputs and outputs in VID.
Regression analysis
A functional relationship yielding the seasonal N Q* from the cropping pattern (S corn ), fertilization (N F ), and irrigation management (ICUC and DRF) was obtained by means of linear regressions.
The simple regression of N Q* on S corn was tested alone, along with the multiple and single regressions of N Q* on N F , ICUC and DRF. Only the significant regression models (P<0.05) with all their coefficients significantly different from 0 (P<0.05) were accepted. The level of significance of the regression equations is shown as an indication of the strength of the relationship.
Nitrogen Use Indices
Three indicators were used to compare N fertilization and N losses in the IRF of VID and to establish the relative use of the N applied by the different crops in the district:
(1) The N Q* /N F ratio that determines the fraction of the applied fertilizer N that is exported by the IRF of VID. This ratio depends on fertilization practices (amount of N applied in relation to crop needs and type of fertilizers applied), irrigation practices (efficiency, uniformity and frequency of irrigations) and timing of fertilization in relation to irrigation that affects the actual leaching of the applied N.
(2) The bulk Nitrogen Fertilizer Use Efficiency (NFUE), calculated as the ratio of crop's N uptake (N U ) minus the fraction of the N uptake originating from symbiotic fixation by leguminous crops (0.66 · N SF ) to the total N fertilizer inputs (thus representing a measure of the recovery fraction of the N fertilizer applied; Pierce and Rice, 1988) :
(3) The N F /N U ratio (for each crop and averaged for the irrigated area) that determines the use of N fertilizers above crop needs due to inefficiencies in N fertilization.
Results and Discussion
Nitrogen fertilization practices
Tables 1 (years 1995-1996) and 2 (years 2006-2008) summarize the manure N F and the preplant and side-dress mineral N F applied to the main irrigated crops grown in VID. The information includes the mass of N F (mean and, in parenthesis, standard deviation) applied in each date, the percentage of farmers that performed the applications over the total answers for each crop, and the average dates of each application. For each crop, the area, yield, mass of N F applied (manure plus mineral fertilizers), N U uptake, N F /N U ratio, and N content in the harvested product (NC) are given in Table 3 (average ± standard deviation for the 90s and 00s periods).
Corn fertilization
Corn was the most heavily fertilized crop in all years (five-year average N F applied = 370 kg N/ha; CV = 18 %). All farmers applied a mineral pre-plant fertilization (generally, a 10-26-26 N-P-K complex) in April (except in 2006 where the percentage of farmers performing this application was only 82 %), and a first side-dress application in June (urea-46 % N or 32 % N solution). A second side-dress was given by 71 % of farmers, and a third by 10 %, whereas only 1.5 % of farmers performed a fourth side-dress application (Tables 1 and 2 ). These side-dress applications were given as N32. Bovine manure was applied only by 20 % of farmers.
The average N F applied to corn in 2006-2008 (332 kg N/ha, CV = 17%) was 22% lower than in 1995-1996 (426 kg N/ha, CV = 9%) showing significant differences between both periods. The higher N fertilization in the 90s did not result in higher corn yields that were similar in both periods, since N fertilization was always higher than N uptake (Table 3 ). The average corn yields of 10.4 Mg/ha (Table 3) decreased over the studied decade from 1.5 to 1.1 (Table 3) .
Regarding the forms of N applied to corn, Figure 2 shows that, in both periods, the maximum total N applications generally corresponded to farmers that supplemented their crops with manure (organic N) without reducing significantly their mineral applications (extreme right in Figures 2a and 2b ). This result was also found in the 00s for barley and wheat. The percentage of farmers that applied manure to corn in the 90s (about 33%) was significantly higher than in the 00s (about 16%) ( Table 1 ). The average mineral N fertilization applied to corn, obtained by discounting the organic N from the total N, was also significantly higher in the 90s (369 kg N/ha) than in the 00s (313 kg N/ha).
Alfalfa fertilization
Although N fertilization in alfalfa is regarded as unnecessary due to its ability to fix the atmospheric N, it was fertilized with an amount of 62 kg N/ha (five-year average). The high variability of this average (CV = 41%) resulted from the absence of N applications by some farmers. Alfalfa yields were similar in the 90s and 00s (Table 3) .
The mean N F was higher in the 00s (67 kg N/ha) than in the 90s (54 kg N/ha) due to a higher N content of the applied fertilizers in the 00s (10-24-24, 13.5-34. 5-15 and urea-46 % N) than in the 90s (8-24-8 and 8-15-15) , and to the three side-dressings given in the 00s compared to only two in the 90s (Tables 1 and 2 ). As in the case of corn, N F in 2008 was very low due to the on-going irrigation modernization works.
Barley fertilization
The five-year average barley N fertilization was 120 kg N/ha (CV = 16%), without significant differences between the 90s and 00s (Table 3) . However, some fertilization practices were different: manure was applied in summer by 9% of farmers in the 00s against 0% in the 90s, and 40% of farmers gave a second side-dress in the 90s against only 10% in the 00s (Tables 1   and 2 ). N fertilization in both periods was close to crop N uptake, as shown by the N F /N U ratios close to 1 (Table 3) .
Barley yield was 27% lower in the 00s than in the 90s (Table 3) , mainly due to the low
Fertilization of minor crops
The average N F applied to ryegrass in the 00s (no data for the 90s) was 202 kg N/ha. The variability was high (CV = 51%) due to the low fertilization rate in 2008 (92 kg N/ha) obtained in a single answer, and the large differences between farmers applying only mineral N (92 kg N/ha) and those applying both organic and mineral N (355 kg N/ha).
For other minor crops (wheat, sunflower and rice) only the average values are given for the 00s due to the low number of answers gathered. The N F applied to wheat was 169 kg N/ha in the 90s and increased to 237 kg N/ha in the 00s due to manure applications that accounted for 0% of the total N applied in the 90s against 21% in the 00s. Hence, the N F /N U ratio increased from 0.9 in the 90s to 1.2 in the 00s, although the yields were similar in both periods (Table 3) .
The average N F applied to sunflower was low (71 kg N/ha in the 90s and 32 kg N/ha in the 00s), because this crop benefits mainly from subsidies established by the European Agricultural Policy (EAP) and not from yields. Hence, very low yields and N F /N U ratios were obtained for sunflower (Table 3 ).
The N F applied to rice in the 90s doubled that in the 00s, although the yields were similar. The N F given to vegetables and fruit trees were taken as 189 kg N/ha and 49 kg N/ha, respectively, the average values obtained by Isidoro et al. (2006b) .
Total N fertilization (N F )
The average ± standard deviation of the N F rates (kg N/ha) given to the crops grown in the VID irrigated area in the 90s and 00s are summarized in Table 3 . The average N F decreased from 261 kg N/ha in the 90s to only 114 kg N/ha in the 00s (i.e, a 56% reduction) due to changes in cropping patterns (from corn heavily fertilized in the 90s to alfalfa and barley with much lower N fertilization needs in the 00s) and lower N fertilizer applications given in the 00s and, in particular, in 2008 (start of irrigation modernization works). Figure 3a shows that in the 90s the monthly maximum amounts of applied N F occurred in June and July, when side-dresses were given to corn that occupied 51% of the irrigated area, followed by March (corn manure applications) and April (corn pre-planting applications). In contrast, in the 00s the monthly maximum amounts of applied N F occurred in February, when the first side-dress was given to barley that occupied 37% of the irrigated area, followed by May-June, when side-dresses where given to alfalfa that occupied 44% of the irrigated area.
The irrigated area average N F /N U ratio was 0.9 in the 90s and 0.5 in the 00s (Table 3) .
However, if the alfalfa crop (with lower N F requirements due to N symbiotic fixation) is excluded, the irrigated area N F /N U ratio varied between 1.1 and 1.5 depending on years, showing that N fertilization was 10 to 50% higher than crop N uptake.
Ammonia N and urea N were the most extensively used N forms (Figure 4 ). In the 90s, ammonia N amounted to 37-42 % and urea N to 23-31 % of the total applied N. In the 00s, the ammonia N percentage remained unchanged, whereas the urea N increased to about 50%. This is linked to the drastic reduction in the use of N32 (liquid solution with 25 % of its total N being NO 3 -N) causing the nitrate N to diminish from about 21% in the 90s to about 4% in the 00s. The applied organic N was low in all years (average of 12% of total applied N in the 90s
and 9% in the 00s). In the 90s only corn received cow manure (Table 1) , whereas in the 00s also barley and alfalfa received cow manure and/or pig slurry (Table 2) .
Nitrogen exported in La Violada gully and in the VID irrigation return flows
Monthly-average nitrate concentrations (NO 3 -) in waters collected at La Violada gully D-14 monitoring station showed different patterns in the 90s and 00s (Figures 3a and 3b, respectively). Consistent NO 3 -peaks were observed in February along 1995-1998, corresponding with the first side-dress N applications given to winter grains. Similar NO 3 -peaks were observed in June-July, corresponding with the side-dress N applications given to corn. In contrast, NO 3 -in 2006-2008 were much lower and quite uniform due to the lower corn land area and the much lower N F in this period (Table 3) .
The hydrological year daily mean NO 3 -significantly (P < 0.05) decreased from 40.4 mg/L in the 90s to 20.6 mg/L in the 00s (Table 4) due to the already indicated lower N F in the 00s. Within each decade, the irrigation (IS) and non irrigation (NIS) season daily mean NO 3 -were similar (Table 4) , due to the presence of NO 3 -peaks in both seasons in different years ( Figure 3 ). The NO 3 -European threshold of 50 mg/L for drinking waters (EU, 1998) was exceeded in 21% of the samples collected in the 90s, but only in 1% of the samples collected in the 00s (Table 4) .
The monthly N Q loads in the 90s were systematically higher in summer (particularly in July), due to a combination of high drainage outflows (Q in Fig. 3a) and NO 3 -in these months.
These high Q were due to high irrigation depths in summer (I in Fig. 3a) , whereas the high NO 3 -was due, as previously discussed, to the side-dress N applications given to corn in June and July ( Figure 3a) . Relatively high monthly N Q loads were also observed in April (average of 34.1
Mg NO 3 -N/month) due to corn pre-sowing N applications leached by irrigations given in April to promote corn emergence (Barros et al., 2011b) , and in February (average of 29.5 Mg NO 3 -N/month) due to winter grain side-dressing N applications following significant precipitation events, especially in 1996 and 1997 ( Figure 3a) .
In contrast, the monthly N Q loads in the 00s were more regular and much lower than in the 90s due to the more regular and lower Q and NO 3 -values in this period (Figure 4b ). The lower Q in 2005-08 was the result of lower I, decreased canal seepages and tailwaters, intensification of drainage water reuse, and a higher proportion of non-cultivated land (Barros et al., 2011b) . (Table 4) . In both periods, about 80% of the total HY N Q* loads were exported along the IS ( Table 4 ), suggesting that the VID irrigation return flows were responsible for most of the off-site N pollution induced by this irrigation district. N loads in the 90s were among the highest found in the Ebro River Basin, whereas the low N loads in the 00s were close to the average N load of 18 kg NO 3 -N/ha measured in two highly efficient sprinkler-irrigated Monegros II districts of the Ebro River Basin (Cavero et al., 2003) . However, it should be noticed that the low Monegros II N load was the result of very low return flows (70 mm) coupled to high nitrate concentrations (123 mg NO 3 /L), whereas the low N Q* load of VID in the 00s was the result of very low nitrate concentrations (21 mg/L) coupled to high return flows (519 mm) (Barros et al., 2011a) .
Relationships between N exported in VID irrigation return flows (N Q* ) and crop patterns, N fertilization and irrigation management
Since corn was the most heavily N fertilized crop in VID, we assessed if the irrigation season (IS) N Q* loads were related to the IS areas cropped to corn (S corn ). Figure 5a shows that the 1998 IS clearly deviated above the general tendency. This high N Q* could not be explained satisfactorily, but might be attributed to the accumulation of N in the irrigated soils derived from the excess N applications and high corn land areas in 1995-1997 that was leached in 1998, when corn land area decreased (Barros et al., 2011b) . Excluding this year from the regression, N Q* and S corn were linearly correlated (P < 0.001), so that each 100-ha increment in corn land area will increase N export loads by about 2.9 kg N/ha. Within its limitations, the regression in Excluding again the anomalous 1998 year from the regression, a significant (P < 0.01) and negative linear relationship was obtained between IS N Q* and the seasonal irrigation consumptive use coefficient (ICUC), an index that reflects the efficiency of irrigation that is defined as ICUC = 100· [(ET a -P e ) / (I -∆W s )], where ET a is the actual evapotranspiration, P e is the effective precipitation, I is irrigation and ∆W s is the change in soil water content (Barros et al., 2011b) . The lower ICUC values in the 90s than in the 00s were due to the already indicated changes in irrigation infrastructures and management. Hence, as found in other studies (Bonati and Borin, 2010; Cavero et al., 2011; Spalding et al., 2001 ), a key strategy to reduce N export loads is the improvement of irrigation performance. In the case of VID, each 10% increase in ICUC, above 40% ICUC, will decrease N export loads by 31 kg N/ha (Figure 5c ). Though N Q* seemingly increased with the seasonal drainage fraction (DRF = 100 · [Q* / (I + P)]; Barros et al., 2011b) , this relationship was not significant (Figure 5d ). Furthermore, this figure suggests a discontinuity in DRF and N Q* from the 90s to the 00s that was attributed to the higher CS (i.e., higher DRF) in the 90s, before the construction of the new elevated La Violada canal. In all the multiple regression models tested, the variable selection process led to the linear model N Q* -N F .
Although the relationships shown in Figure 5 are conceptually consistent and relevant from a management point of view, Figures 5c and, especially, 5d reveal two different sets of observations (corresponding to the two study periods) rather than a continuous trend behaviour along the variables interval, pointing to differences between the two periods besides a direct dependency of N Q* on irrigation management (ICUC and DRF). Hence, these relationships should be further validated with more observations leading to a population distribution closer to normality. The need to exclude year 1998 from the N Q* -S corn and N Q* -ICUC regressions was justified by a potential N logging effect in VID after years 1995 to 1997, with corn as the dominant crop. This shows that these equations might be only applicable under equilibrium conditions and not when the N dynamics of the system are varying rapidly (like the continued 90s applications of excess N). Table 5 summarizes the annual average ± standard deviation of the main inputs and outputs of N in the 90s and 00s, as well as (in brackets) the corresponding percentages over the total N inputs or outputs. N fertilization (N F ) and N symbiotic fixation (N SF ) were the most important inputs, accounting for more than 96% of total inputs in both study periods. However, N F was the main input in the 90s (968 Mg or 67% of total inputs), whereas N SF was the main input in the 00s (694 Mg or 63% of total inputs) due to the 56% decrease in N F and the 65% increase in the alfalfa land area in the 00s. N uptake by crops (N U ) was the main output in both periods, accounting for 68% (90s) and 82% (00s) of total outputs. The second most important output in the 90s was N Q (N in drainage outflow), that accounted for 21% of total outputs. However, N Q in the 00s only accounted for 8% of total outputs, due to lower S corn and N F and higher ICUC in this period ( Figure 5 ).
N inputs and outputs and N use indices
The N Q* /N F ratio shows that 31% (90s) and 20% (00s) of the applied fertilizer N was wasted in the IRF, and that this loss was 37% higher in the 90s than in the 00s due to the already indicated higher corn land area and lower ICUC in this decade. These N Q* /N F values were lower than the 42% ratio found in a traditional flood-irrigated district (García-Garizábal et al., 2009 ) and higher than the 13% ratio found in a well managed sprinkler-irrigated district (Cavero et al., 2003) both of them located in the middle Ebro River Basin. Lower N loss ratios were found in a non-irrigated agricultural catchment in the same basin (Casalí et al. 2008 ).
Previous studies have focused particularly in reducing N losses in irrigated areas where corn was the predominant crop. Gowda et al. (2008) predicted through the ADAPT model a 17% reduction in N losses by reducing the N fertilization rate by 20% in an irrigated area in Illinois.
Using the same model, Nangia et al. (2010) predicted a 23% reduction in N losses by reducing the N fertilization rate by 38% in the Minnesota River Basin. These N losses are similar or lower, respectively, than the N losses estimated from the linear regression equation shown in Figure   5b .
The Nitrogen fertilizer use efficiency (NFUE) shows that the recovery fraction of the N fertilizer applied increased from 73% in the 90s to 84% in the 00s basically due to the sharp decrease in N F in the last period. The higher NFUE during the 00s was similar to the 81% NFUE average found in two sprinkled irrigation systems in the Ebro River Basin with crop distributions similar to those in VID (Cavero et al., 2003) .
Conclusions
Significant differences were found in La Violada irrigation district (VID) between the 90s and 00s in terms of (i) crop patterns (corn preponderant in the 90s versus alfalfa and barley in the 00s), (ii) N fertilization rates (261 kg N/ha in the 90s versus 114 kg N/ha in the 00s) and (iii)
irrigation efficiencies (irrigation consumptive use coefficients (ICUC) below and above 50 % in the 90s and 00s, respectively).
The three most important N fertilization mismanagements found in VID were (i) excessive N applications given to corn (five-year average = 370 kg N/ha), particularly due to the high side-dress rates given in June-July and the use of liquid N fertilizers leached by excess irrigation depths, (ii) high supplemental organic N (manure) pre-sowing applications given to corn without significantly reducing their mineral N applications, and (iii) unnecessary N applications given to alfalfa (62 kg N/ha). Thus, the overall N fertilization was, depending on years, 10 to 50 % higher than the crop N uptake needs.
The changes in cropping patterns, fertilization and irrigation performance between the 90s and 00s were responsible for the differences found in terms of (i) 1990s (1995-1996) and 2000s (2006-2008) : average ± standard deviation and, in brackets, percentages of each N input or output over the total N inputs or outputs, respectively. 
